Abstract An experimental investigation of the behaviors of stress-dependent permeability under in situ conditions was conducted and discussed, applying cores from an ultra-low permeability oil reservoir in China. The variation characteristics of formation permeability resulting from pore pressure drawdown and increase were compared. The results indicate that formation permeability at any possible location of the reservoir could be altered in response to the change in stress state caused by both oil production and water injection. A mathematical model of fluid flow in stress-sensitive reservoir was established to evaluate the effect of stress changes on well performances, and an analytical solution method was presented. Several analytical simulations under the conditions of constant wellbore flowing pressure were performed to quantitatively assess the impact of stress sensitivity on single well performance. It is demonstrated that despite the stress-dependent permeability can have an adverse impact on production rate and recovery volume, it may be favorable for water injection. Based on the analysis, a practical and efficient waterflooding program was presented to reduce the influence of permeability damage on reservoir productivity. This program was verified by numerical reservoir simulation to have a combined positive effect for development of ultra-low permeability oil reservoir.
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Introduction
Oil and gas resource embedded in ultra-low permeability reservoirs is an important and aggressively increasing source of hydrocarbon energy in China. One of the problems that we have to consider in developing such reservoirs is the stress-dependent formation properties (permeability and porosity) during the production life cycle of the reservoir. In general, producing from a hydrocarbon reservoir may result in a decrease of fluid pressure and thus a subsequent increase of effective overburden load on porous reservoir rock, which will compact the reservoir rock and alter the detailed pore geometry (as a matter of course, injection into a reservoir will have the opposite situation). If fluid flow properties of the reservoir rocks are highly sensitive to effective stress changes and rock deformation, the reservoir should be considered to be stress-sensitive (Chin et al. 2000a ).
The characteristics of permeability decrease with increased confining stress have been well demonstrated for a great variety of reservoir rocks in the literature. According to a comprehensive study presented by Davies and Davies (2001) , the rock permeability behaves in an exponential manner with the net confining stress variation in most cases, and the greatest variation of permeability occurs dominantly at low pressure (0-3000 psi). In this low-pressure range, rocks can lose between 10 and 99% of their original permeability. Pore geometry is the fundamental control on stress-dependent permeability in sandstone reservoirs. It has been proved that formations with pore distribution of smaller radio are very sensitive to compressive stress. Besides, the impact of stress on property alteration generally increases with the tightness of the reservoir rock.
As for conventional reservoirs, we have had a clear knowledge of the behavior of flow-reducing properties of formation rocks and the inherent controlling mechanism. Through analytical, numerical, or coupled flow models, the combined effects of stress, fluid flow, and reservoir property changes on well performance have been also widely illustrated in the past decades (Vairogs et al. 1971; Raghavan et al. 1972; Vairogs and Rhoades 1973; Samaniego et al. 1977; Evers and Soeiinah 1977; Ostensen 1986; Chin et al. 2000a, b; Samaniego and Villalobos 2003; Lei et al. 2007 ). There is a broad consensus that the stressdependent permeability of matrix or natural fractures may have a significant impact on the performance of both the individual well and the reservoir. In order to evaluate reservoirs with stress-dependent permeability accurately, many techniques for quantifying key reservoir properties controlling storage and flow, calculating hydrocarbons in place, establishing recovery and forecasting production have been developed as well (Samaniego et al. 1979; Cinco 1980, 1989; Han and Dusseault 2003; Raghavan and Chin 2004; Chen et al. 2008; Xiao et al. 2009 ). In addition, with the extensive development of unconventional reservoirs (ex. coalbed methane, shale gas/ oil, ultra-low permeability oil reservoir) around the world, the subject of stress-dependent permeability is also of great interest because the ultra-tight matrix and natural/generated fractures are more susceptible to stress-state changes. Some researchers (Thompson et al. 2010; Okouma et al. 2011; Cho et al. 2013; Clarkson et al. 2013; Qanbari and Clarkson 2013a, b) have chosen to include stress-sensitive effects for more accurate assessments of the production potential of such reservoirs.
Virtually, all the investigations on the stress-sensitive phenomenon mentioned above are mainly concentrated on the permeability decline rule and the influence on fluid flow into a production well. To our knowledge, little research has paid attention to the behavior of formation permeability variation when the reservoir rock is subject to increasing pore pressure due to fluid injection. Because of the extremely small pore throat, the correspondingly ultra-low permeability and lack of natural energy, artificial waterflooding is the preferred development technique for ultralow permeability oil reservoir in China. Thus, compared to other stress-sensitive reservoirs, ultra-low permeability oil reservoir has its unique characteristics: the pore pressure will experience both decrease and increase during development. It is expected that the permeability will change in a more complex manner from the perspective of the whole reservoir.
It is the objective of this work to use experimental data and mathematical models to evaluate the interaction between the stress state and fluid flow and its influence on well performance of an ultra-low permeability reservoir. In this paper, we first demonstrate the results of an experimental study on permeability changes using natural cores prepared from Changqing oilfield in China. Then, we present the basic governing equations under unsteady-state condition for fluid flow in stress-sensitive reservoir and develop an analytical method to solve the nonlinear problem. Based on the analytical solution derived we present several theoretical studies to reveal the complex characteristics of permeability changes and the corresponding production performances of the reservoir. Finally, on the basis of the above research, an optimum water injection schedule was recommended to reduce the enormous consequence of rock deformation on the development of ultralow permeability oil reservoir.
Experimental study
Although a large number of experimental studies on stressdependent permeability have been discussed in the literature, most of them considered the rock compression process. Experimental data for permeability-stress relationship during the expansion process have not been sufficiently documented. We used eight core samples acquired from the Chang 6 formation in the Baibao district of Changqing oilfield, taken approximately at 6965 ft, to obtain experimental data for stress-dependent permeability in ultra-low permeability oil reservoir. The Chang 6 formation is mainly comprised with very fine-grained and fine-grained sandstone. The main mineral composition of the rock debris is quartz and feldspar. The petrophysical characterizations of these core samples are shown in Table 1 . By means of CT scan profiles of the macro-plug, thin section, and Hg injection technique we also get knowledge of the fact that abundant invisible microfractures are embodied in core samples from the formation, and though the pore radius of the formation rock is relatively large (25-30 lm), its connectivity is constrained by small throat radius (3-5 lm). The microfractures and throat radius would enlarge during injection and close during pressure drawdown which may influence the permeability and reservoir development.
The objective of experimental study is to discover the change rules of permeability variation caused by production and injection, and to generate simple but rigorous data for reservoir simulation. The detailed mechanisms that control changes in formation permeability for different rock types are not discussed.
Experimental procedure
All the cores were cut cylindrically into 1 in diameter sections, and the length of the cores varied from 2.0 to 2.6 in. After the cores were cleaned with tobuence for several days, the displacement experiment was carried out using an AFS-300 displacement system developed by Core Laboratories. Three high-pressure Isco pumps were used to generate flows of fluid through the cores, and control confining and back pressure, respectively. According to the results of well-log and well-testing analysis, the overburden pressure (P o ) of Chang 6 formation is about 6090 psi and the initial pore pressure (P i ) is about 2420 psi. To simulate the in situ formation stress state, the confining pressure was set at 6090 psi and the back pressure was increased from 2420 to 4620 psi or decreased from 2420 to 250 psi. The fluid used in these experiments was standard brine with a viscosity of 1.003 mPa s. Two sets of experiments, step-down pore pressure and step-up pore pressure, were performed. Flow rate was maintained at 0.01 mL/min to avoid any damage due to the high flow rate. The experiment procedures are described as follows.
First, a vacuum pump was used to pump air and other impurities out of the cores. After the core was saturated with brine and weighted, it was set in core holder and then the confining pressure was set to the overburden pressure. When this process was performed, the confining pressure was maintained constant, while the back pressure was adjusted to a given value (initial pore pressure). The displacement pump was started to inject brine to the core and when the flow was stable, the flow rate and the inlet and outlet pressure were recorded, and core permeability was calculated at this pressure level. Then, the back pressure was gradually increased or decreased and the displacement procedure was repeated. The values of permeability and pore pressure of every state were calculated.
Experimental results
The values of absolute permeability used in core analysis in this study vary between samples. To compare all data, it is necessary to normalize values of permeability at each measure point. We use permeability at initial formation pressure (p i ) as the reference value to study the effect of stress state on formation permeability for each core. Figure 1 presents the results of the step-up pressure experiment with a starting pore pressure of 2420 psi. Under a constant confining stress condition, the changes in permeability for each of the eight cores during the pressure increase process are similar. In general, as the pore pressure increased from 2420 to 3200 psi, the permeability of each core has a significant increase initially and then has a slight increase at pressures of more than approximately 3200 psi. The increments of permeability range from 0 to 9.2% at different pressure for these tests. Additionally, the magnitude of permeability variation has a certain correlation to initial permeability. Core 7# and core 8# have relative high sensitivity to pore pressure change, with the increments of permeability ranging from 0 to 8.2% and from 0 to 9.2%, respectively, and core 4# and core 5# have relative low sensitivity to pore pressure change, with the increments of permeability ranging from 0 to 6.1% and from 0 to 4.8%, respectively. The primary cause for this phenomenon is the intrinsic nature of pore geometry of ultra-low permeability rocks. In ultra-low permeability reservoir, pore throat and microcrack are the main flow path. The permeability for rocks with large throats and well-developed open microcracks will be high. During the initial period of increasing pore pressure, the small throats and microfractures, which control the seepage capability of ultra-low permeability rocks, are enlarged first and this makes a great contribution to core permeability. As the pressure continues to increase, the opening of throats and microcracks is restricted to a certain degree. As a result, the increase rate of permeability is slowed down. At this point, pores in rock play a main role in permeability increase, which is slower due to the difficulty of pore deformation. Figure 2 presents the results of the step-down pressure experiment with a starting pore pressure of 2420 psi. Under a constant confining stress condition, the changes in permeability for each of the eight cores during the pressure depletion process are also similar. As the pore pressure decreased from 2420 to 250 psi, the permeability of each core has a significant decrease initially and then has a slight decrease at pressures of less than approximately 1400 psi. The decrements of permeability range from 0 to 18.3% at different pressure for these tests. In contrast to the step-up pressure experiments, core 4# and core 5# have relative high sensitivity to pore pressure change, with decrements of permeability ranging from 0 to 17.9% and from 0 to 18.3%, respectively, and core 7# and core 8# have relative low sensitivity to pore pressure change, with decrements of permeability ranging from 0 to 11.0% and from 0 to 12.1%, respectively. The behaviors of permeability variations during pressure decline are also related to the pore geometry of ultra-low permeability rocks.
Mathematical model and solution
To quantify the effect of stress sensitivity of permeability on well responses, we developed a transient flow model. The basic assumptions usually made about the formation and fluid properties in well test theory are applied. With respect to the stress-sensitive behavior, we assume that the overburden pressure is constant during the life cycle of production, and thus the variation in permeability due to stress change can be described as a single value function of pore pressure.
Governing equations
The equations governing isothermal single-phase fluid flow in a deformable porous medium with stress-dependent permeability are derived based on mass conservation principles and Darcy's law, as follows:
Mass conservation equation is: 
Fluid state equation: Under isothermal condition, the fluid compressibility is defined as
By integrating the formula of the fluid compressibility, the fluid state equation is
Formation rock state equation: Under isothermal condition, the formation rock compressibility is defined as
An equivalent formula is
By integrating the formula of the rock compressibility, the state equation is
Substituting the motion equation and state equations into the mass conservation equation and after some algebraic manipulation, the fluid flow control equation can be obtained as follows:
where
is the total compressibility. If we assume a small and constant compressibility and a constant viscosity, which is required by the equation of state for a slightly compressible liquid, then the quadratic term can be neglected and the fluid flow control equation can be simplified as
where f(p) is defined as
Equation 10 is a partial differential equation for singlephase flow of slightly compressible fluid in a reservoir with stress-dependent permeability.
Analytical solution
Analytical solutions provide an advantageous method for analyzing and modeling well test or production data, which are primarily developed for linear problems of a constant viscosity and compressibility fluid flowing in formations with constant porosity and permeability. However, the diffusivity equation (Eq. 10) is strongly nonlinear due to the incorporation of stress-dependent permeability. In this study, we defined two pseudo-parameters considering stress-dependent permeability to linearize the diffusivity equations and then presented an analytical solution method as follows: Stress-sensitive pseudo-pressure is defined as:
Stress-sensitive pseudo-time is defined as:
To solve Eq. 10 properly, the choice of correct average pressure in pseudo-time function is a very important issue. Inspired by Anderson' work (2007) , we use average pressure in the region of influence to calculate pseudotime. This average pressure can be calculated using oil material balance equation (Eq. 14).
In this equation, r inv is the radius of investigation, and c = 1.781 is Euler's constant. Through introducing the two pseudo-functions, Eq. 10 can be transformed to new forms which are similar to the conventional diffusivity equation:
Using Boltzmann transformation, Eq. 16 can be solved under constant rate or constant flowing pressure inner boundary condition for a well centered in an infinite circular reservoir.
For constant pressure case, the solution for the wellbore production rate q sc (t a ) gives the following equation:
Generally, we should plot q sc as a function t rather than t a . An iterative approach for obtaining q sc (t) using the equations derived above is presented in Fig. 3 .
Results and discussion
In the following, we will briefly illustrate the fluid flow behavior of a reservoir with stress-dependent permeability and set the stage for our discussion. Because production rate is of vital concern from a reservoir engineering view point, we first examine the change in well productivity in detail. Then, we discuss the response of injecting water into a stress-sensitive reservoir. Finally, an effective development method that would permit us to reduce or eliminate the influence of stress sensitivity for ultra-low permeability reservoir is evaluated.
Fluid flow behavior of single well
This subsection presents the results of a conceptual model for a single well penetrating an ultra-low permeability oil reservoir using the stress-dependent permeability data and the analytical solution presented in this paper. This model simulates an infinite radial formation with net height of 50 ft and initial pressure of 2420 psi. The reservoir and fluid properties are shown in Table 2 . Values of stressdependent permeability were calculated based on the development of the relationship between pore pressure and normalized permeability. We chose the experimental data of Core 4# to conduct the simulations because of its high sensitivity of permeability to pressure depletion. The quantitative relationship between permeability change induced by rock compaction or expansion and the formation pressure was developed through the curve fitting procedure. Several analytical simulations using the proposed procedure were performed to assess the effect of stress-dependent permeability on well performance of both production and injection well. For each stress-sensitive simulation investigated in this study, a corresponding simulation with non-stress-sensitive permeability (or constant permeability) was also conducted as a reference case to establish a quantitative comparison. In addition, wells in all cases were operated under controlled conditions to make sure that the change in the performance is only a result of permeability variation.
First of all, we focus on the performance of a vertical production well. A series of fluid flow simulations under constant bottomhole pressure conditions were completed examining stress-sensitive effects on well responses in terms of oil production rate and cumulative production. The performances for four cases (P wf = 500, 1000, 1500, 2000 psi) are compared in this study, as shown in Figs. 4 and 5. Note that incorporation of stress-dependent permeability reduces the production rates to varying degrees, depending on the level of wellbore flowing pressure. For non-stress-sensitive reservoir, additional wellbore pressure drawdown will increase oil production by a similar value compared to the previous pressure drawdown. That is, an linear increase in production rate is created as a result of the reduced wellbore flowing pressure. Whereas, for stresssensitive reservoir, additional pressure drawdown will result in a relatively lower increase in oil production. Although the values of production rates are impacted by the stress-sensitive permeability, the general character of each production rate curve is not changed between the constant permeability case and stress-dependent permeability case.
Based on the simulation results, the radial profiles of permeability around the wellbore for the four cases are plotted to discern the variation of formation permeability in the process of producing, as shown in Fig. 6 . As a representative example, the values on day 300 are presented. It is clear that the decrease of bottomhole pressure significantly reduces the permeability along the radius of the reservoir. The 2000 psi case shows the reduction of permeability is less than 10%, while the 500 psi case gives the largest permeability variation up to 18%. However, the radius which has changed permeability values from the initial permeability is almost the same for the four cases. This figure further confirms that the level of bottomhole pressure can affect the net impact of stress sensitivity.
These simulation results show that reducing the bottomhole pressure to increase the production rate may actually result in a lower increase in production than expected because of the permeability reduction near the wellbore. This also indicates that stress-dependent permeability may be a consideration for attempts to correct the lower-than-expected production rates in many reservoirs. A knowledge of permeability at different values of in situ stress can be used to determine the relationship between Table 2 Reservoir and fluid properties used for simulation production rate and wellbore pressure and therefore evaluate the formation damage resulting from the rapid drawdown of near-wellbore pressure.
Simulations of water injection well performances of stress-sensitive and non-stress-sensitive reservoir under the condition of constant bottomhole flowing pressure were also conducted. Responses for four cases (P wf = 3000, 3500, 4000, 4500 psi) are compared, as shown in Figs. 7 and 8. In contrast to the case of production well, the stressdependent permeability enhances the injection rate, but not significantly for all four cases. There are minimal differences in water injection rate between each stress-sensitive case and non-stress-sensitive case, particularly between the cases of low injection pressure. The cumulative injection volume after 300 days is only increased by 1.3% for the lowest bottomhole flowing pressure case and 3.4% for the highest bottomhole flowing pressure case. Figure 9 illustrates the radial profiles of permeability around the wellbore on day 300 for the four stress-sensitive cases. This figure clearly shows that permeability increment around the wellbore occurred. The permeability values around the wellbore area increase with increased bottomhole pressure, but the changes are not as obvious as the producing case. The largest increment in permeability for the 4500 psi case is only 5.8%. This can be attributed to the stress-dependent permeability behavior of Core 4#. However, the region of influence is large. Even after a relative short injection time of 300 days, increments in permeability can be observed for a distance of about 600 ft.
Waterflooding Performance
The results of the above study indicate that for ultra-low permeability oil reservoirs, injecting water prior to production may reduce the influence of permeability damage on reservoir productivity. By extending the single-phase model to a two-phase reservoir model, this subsection presents an investigation of the impact of water injection on production performance. The reservoir model is illustrated in detail in Appendix. Figure 10 shows the top view of the numerical model and well locations. Figure 11 is the oil-water relative permeability curves used in the simulation. Two types of water injection patterns were designed and simulated to determine the effect of water injection timing on well productivity of stress-sensitive reservoir: (1) Starting injecting water synchronously with production (synchronous water injection, run 1) and (2) starting injecting water before production (advanced water injection, runs 2-5). For all simulation runs, the bottomhole pressure of production well and injection well is set to 500 and 4000 psi, respectively. In this discussion, run 1 is considered as the base case, and the effect of injection timing is quantified by the difference in production rate values between run 1 and the other cases. We set run 1 as the base case lying in the fact that injecting water synchronously with production is a common development method for low-pressure and low permeability oil reservoirs in China, especially for reservoirs that lack an effective waterdrive mechanism. Oil production rate curves for these five runs are plotted in Fig. 12 . This figure clearly shows that an earlier water injection can effectively improve the production rate before day 100. Among the advanced water injection cases simulated in this study, an initial production increase of 2.4 STB/D can be observed on day 1 over the base case. However, over the course of the following 100 days, the performance for all advanced water injection cases falls in line with that for the base case. Even so, results of cumulative oil production shown in Table 3 demonstrate that injecting water before production significantly enhances the withdraw of the reserves, especially in the early period of production. Table 3 also shows that the earlier water injection begins, the better the development effect will be.
Figures 13 and 14 present the variation of average formation pressure and permeability as a function of time during production, respectively. It is evident that advanced injection imparts significant additional energy for production and thus slows down the reduction rate of permeability, which is a combined active effect for reservoir development.
At this stage, we have investigated and understood the behavior of stress-dependent permeability, as well as its influence on the performance of the individual well in an ultra-low permeability reservoir. It is important to point out that, stress sensitivity has not only negative effects but also positive connotations for some reservoirs, depending on rock types and well-producing conditions. Reducing bottomhole pressure to obtain rapid production rates can result in a significant reduction of near-wellbore permeability in stress-sensitive reservoir. However, it has been revealed that advanced water injection will provide remediation due to its two important positive roles as noted earlier. Since the injection timing and volume are functions of economics and individual reservoir properties, the optimization job should be conducted in terms of the situation of particular reservoir and hence it is not illustrated in this study.
Conclusions
In this paper, stress-dependent permeability and its effect on the performance of wells in ultra-low permeability reservoir were discussed. The conclusions of this study are as follows: (1) We investigated the change behaviors of permeability under the condition of both pore pressure drawdown and increase through laboratory experiments. Based on the experimental results, it is reasonable to say that the process of oil production and water injection may have profound effects on formation permeability. (2) On the basis of the theory of fluid mechanics in porous media, a flow mathematical model considering stress-dependent permeability was established to reveal the dynamic flowing characteristics of stress-sensitive reservoir during oil production and water injection. (3) With an analytical solution of a conceptual infinite reservoir model, effects of stressdependent permeability on well performance under constant flowing pressure conditions were examined in detail. Results showed that although the impact of stress on permeability is disadvantageous during production, it may be favorable during water injection. (4) Advanced water injection is a practical development method for ultra-low permeability reservoirs. Starting injecting water before production could not only impart significant additional energy for production but also slow down the reduction rate of permeability, which is a combined active effect for reservoir development.
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